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11. Abstract 
Advances in very large-scale integration 
and recent work in the field of bandwidth 
efficient digital modulation techniques have 
combined to make digital video processing 
technically feasible and potentially cost com- 
petitive for broadcast quality television 
transmission. A hardware implementation has 
been developed for a DPCM-based digital televi- 
sion bandwidth compression algorithm which 
processes standard NTSC composite color 
television signals and produces broadcast 
quality video in real time at an average of 
1.8 bitslpixel. This paper describes the data 
compression algorithm and the hardware imple- 
mentation of the codec, and provides perform- 
ance results. 
11. Introduction 
Transmission of television signals in a digital 
format has been looked upon with promise for a 
number of years. Digital systems providing tele- 
conferencing quality video have become common place 
in both government and industry. However, digital 
transmission of high-quality (toll grade or broad- 
cast quality) television signals has yet t o  achieve 
anything close to the same kind of acceptance. 
This has been due in part t o  the broadcasters' 
reluctance to have processing of any kind performed 
on the transmitted signals. 
extent, digital transmission of broadcast quality 
video has failed to gain acceptance because it has 
not been cost effective to d o  so. The lack o f  
available wideband digital links as well as the 
complexity of implementation of bandwidth effi- 
cient digital video CODEC's (encoder/decoder) has 
worked to keep the cost of digital television 
transmission too high to compete with analog 
methods. 
But t o  a greater 
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Advances in vsiry large-scale integration 
(VLSI) as well as recent work in the field of 
advanced digi tal modul$.rlon techniques have com- 
bined to make dtqqtal video processing technically 
feasible and potqntially cost competitive for 
broadcast quality television transmission. The 
coupling 'of a transparent, bandwidth efficient data 
compression technique with a bandwidth efficient 
modulation technique offer the potential for trans- 
mission of two (or more) high-quality television 
signals in the same bandwidth occupied by a single 
frequency modulated television signal. This paper 
presents the hardware implementation of a digital 
television bandwidth compression algori thm which 
processes standard NTSC (National Television Systems 
Committee) composite color television signals and 
produces broadcast quality video in real time at an 
average of 1.8 bits/pixel. 
element, represents each piece of sampled data. 
The sampling rate used with this algorithm results 
in 768 samples over the active portion of each 
video line by 512 active video lines per video 
frame.) The algorithm is based on differential 
pulse code modulation (DPCM), but additionally 
utilizes a nonadaptive predictor, nonuniform quan- 
tizer and multilevel Huffman coder to reduce the 
data rate substantially below that achievable with 
straight DPCM. 
level Huffman coder combine t o  set this technique 
apart from prior-art DPCM encoding algorithms. 
Section I11 below will provide the details of the 
compression algorithm while sections IV and V dis- 
cuss the hardware implementation and performance 
results, respectively. 
(A  pixel, o r  picture 
The nonadaptive predictor and multi- 
111. Data Compression Algorithm 
Differential pulse code modulation has histor- 
ically been one of the most popular predictive 
image coding methods studied, due t o  its simplicity 
of implementation and overall subjective perform- 
ance characteristics. The fault of DPCM schemes in 
the past have been that 3 t o  4 bitslpixel were 
required to achieve acceptable image quality, with 
4 bits/pixel generally preferred t o  maintain a 
broadcast qual i ty picture representation. 
tem presented here combines the simplicity of the 
basic DPCM approach with several performance 
enhancements t o  achieve broadcast quality images 
at an average 1.8 bits/pixel. 
A block diagram of the compression scheme is 
presented in Fig. 1 .  The DPCM portion utilizes an 
intrafield approach with a two-dimensional predic- 
tio? based on averaging neighboring pixel values 
having the same color subcarrier phase relationship 
as the current pixel . Sampling of the compos1 te 
analog video signal is done at four times the color 
subcarrier frequency rate (4 x 3.579545 MHz). Fig- 
ure 2 shows the spacial relationship of the current 
pixel and the two pixels used t o  generate the pre- 
dicted value, PV, in Fig. 1 .  The pixels used are 
the fourth previous pixel from the same line and 
The sys- 
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Figure 2. - Anabg video signal sampling and DPCM pixel relationships. 
t h e  same p i x e l  f rom two l i n e s  p r e v i o u s  i n  the  same c u r r e n t  p i x e l  va lue  t o  o b t a i n  a d i f f e r e n c e  va lue  
f i e l d .  These n e i g h b o r i n g  p i x e l s  have t h e  same to  be quan t i zed .  
c o l o r  s u b c a r r i e r  phas ing  as the  c u r r e n t  p i x e l  and 
w i l l  t h e r e f o r e  be h i g h l y  c o r r e l a t e d . .  The two p i x e l  F i g u r e  1 shows a "nonadap t i ve  p r e d i c t o r "  
va lues  a re  averaged t o  produce t h e  p r e d i c t i o n  o f  
t h e  c u r r e n t  p i x e l  va lue .  A t  t h i s  p o i n t  the  a lgo-  v a l u e  a l o n g  w i t h  t h e  p r e d i c t e d  v a l u e ,  P V .  The 
r i t h m  d i f f e r s  from s tandard  DPCM. vlhere t h e  p re -  f u n c t i o n  o f  the  NAP i s  t o  f u r t h e r  improve the  
d i c t e d  va lue  would s i m p l y  be s u b t r a c t e d  from the  
(NAP)  va lue  b e i n g  s u b t r a c t e d  f r o m  t h e  c u r r e n t  p i x e l  
p r e d i c t i o n  o f  t h e  c u r r e n t  p i x e l .  The nonadapt ive  
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p r e d i c t o r  es t ima tes  the  d i f f e r e n c e  va lue  o b t a i n e d  
when the  DPCM p r e d i c t i o n  i s  s u b t r a c t e d  from the  
c u r r e n t  p i x e l  va lue  ( P I X  - P V ) .  The s u b t r a c t i o n  
o f  t h e  NAP va lue  f rom P I X  - PV causes the  r e s u l t -  
i n g  d i f f e r e n c e  ( D I F )  va lue  t o  be c l o s e  t o  z e r o .  
The sma l le r  t he  D I F ,  t he  more e f f i c i e n t l y  the  quan- 
t i z e d  p i x e l  i n f o r m a t i o n  can be r r a n s n i t t e d  aue to 
the  use o f  Huffman cod ing  p r i o r  t o  r ransmiss ion  
ove r  the  channe l .  (Huffman cod ing  ass igns  v a r i a -  
b l e  l e n g t h  codewords based upon p r o b a b i l i t y  of 
occu r rence .  The a p p l i c a t i o n  o f  Huffman cod ing  t o  
t h i s  a l g o r i t h m  w i l l  be d i scussed  l a t e r . )  
The development of t h e  nonadapt ive  p r e d i c t o r  
was p r e d i c a t e d  on t h e  l i k e l i h o o d  t h a t  t he  d i f f e r -  
ence va lues  o f  a d j a c e n t  p i x e l s  a re  s i m i l a r .  The 
d i f f e rence  between t h e  c u r r e n t  p i x e l  va lue  and i t s  
p r e d i c t i o n ,  PV, i s  e s t i m a t e d  and s u b t r a c t e d  o f f  by 
way of t h e  NAP p r i o r  t o  q u a n t i z t i o n .  The e s t i m a t e  
i s  s i m p l y  based on t h e  va lue  o f  DIF for  t h e  p r e v i -  
ous p i x e l .  
es t ima tes  a r e  p r e s t o r e d  and do  n o t  change w i t h  d i f -  
f e r i n g  p i c t u r e  c o n t e n t .  
were genera ted  from s t a t i s t i c s  of numerous t e l e v i -  
s i o n  images c o v e r i n g  a wide range o f  p i c t u r e  
c o n t e n t .  
ference va lues  c a l c u l a t e d  w i t h i n  t h e  boundar ies  o f  
t h e  d i f f e r e n c e  va lues  for each q u a n t i z a t i o n  l e v e l .  
Table I shows t h e  NAP va lues  co r respond ing  t o  each 
q u a n t i z a t i o n  l e v e l .  
va lues  i n  Table I ;  i f  t h e  d i f f e r e n c e  va lue  (DIF) 
f o r  t h e  p r e v i o u s  p i x e l  was 40, co r respond ing  t o  
q u a n t i z a t i o n  l e v e l  1 1 ,  t h e  va lue  o f  NAP to  be sub- 
t r a c t e d  o f f  from t h e  c u r r e n t  p i x e l  d i f f e r e n c e  would 
be 38. To r e c o n s t r u c t  t h e  p i x e l ,  t h e  decoder uses 
a lookup t a b l e  t o  add back i n  the  a p p r o p r i a t e  NAP 
va lue  based upon knowledge o f  the  q u a n t i z a t i o n  
l e v e l  from the  p r e v i o u s l y  decoded p i x e l .  The use 
of  t h e  NAP r e s u l t s  i n  f a s t e r  convergence a t  t r a n s i -  
t i o n  p o i n t s  i n  t h e  image, the reby  improv ing  edge 
d e t e c t i o n  performance. The r a p i d  convergence a l s o  
reduces the  t o t a l  d a t a  requ i remen ts  by i n c r e a s i n g  
the  percentage o f  p i x e l s  i n  q u a n t i z a t i o n  l e v e l  7 ,  
which i s  ass igned t h e  s h o r t e s t  codeword l e n g t h  by 
t h e  Huffman cod ing  process .  
The NAP i s  nonadap t i ve  because the  
These p r e s t o r e d  va lues  
The NAP va lues  r e p r e s e n t  the  average d i f -  
To g i v e  an example u s i n g  t h e  
D i f f e rence  
( D I F )  
va lue  
-255 t o  -86 
-85 t o  -60 
-59 t o  -34 
-33 t o  -19 
-18 t o  -9 
-a t o  -4 
-3 t o  3 
4 t o  8 
9 t o  18 
19 t o  33 
34 t o  59 
60 t o  85 
86 t o  255 
TABLE I. - QUANTIZATION AND NONADAPTIVE 
PREDICTION 
Q u a n t i -  
z a t i o n  
l e v e l  
(QL) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
Q u a n t i -  
z a t  i on 
v a l u e  
CQV) 
-100 
-66 
-42 
-25 
-14 
-6 
0 
6 
14 
25 
42 
66 
100 
Nonadapt ive  
p r e d i c t i o n  
(NAP) 
va lue  
-85 
-61 
-38 
-22 
-1 1 
-4 
0 
4 
1 1  
21 
38 
61 
84 
The q u a n t i z e r  shown i n  F i g .  1 has 13 l e v e l s .  
Each l e v e l  has a q u a n t i z a t i o n  va lue  a s s o c i a t e d  
w i t h  a range o f  d i f f e r e n c e  va lues  as i n d i c a t e d  i n  
Table I. The q u a n t i z e r  i s  nonun i fo rm so t h a t  more 
l e v e l s  a r e  p r o v i d e d  f o r  smal l  magnitude d i f f e r -  
ences wh ich  would r e s u l t  f r o m  s u b t l e  changes i n  
p i c t u r e  c o n t e n t .  The human eye i s  s e n s i t i v e  t o  
smal l  v a r i a t i o n s  i n  smooth r e g i o n s  o f  an image and 
can t o l e r a t e  l a r g e r  v a r i a t i o n s  near t r a n s i t i o n  
boundar ies  where l a r g e  d i f f e r e n c e  va lues  a re  
more l i k e l y  to o c c u r .  The nonadap t i ve  p r e d i c t o r  
d i scussed  p r e v i o u s l y ,  a c t s  t o  reduce the  d i f f e r e n c e  
va lues  thus  improv ing  image q u a l i t y  by r e d u c i n g  the  
q u a n t i z a t i o n  e r r o r .  T h i s  i s  because t h e  nonun i fo rm 
q u a n t i z e r  r e s u l t s  i n  lower  q u a n t i z a t i o n  e r r o r  f o r  
smal l  magn i tude d i f f e r e n c e s  than f o r  l a r g e  magnitude 
d i f f e r e n c e s .  The number o f  q u a n t i z a t i o n  l e v e l s ,  
t h e  co r respond ing  d i f f e r e n c e  va lue  ranges ,  and t h e  
s p e c i f i c  q u a n t i z a t i o n  va lues  shown i n  Table I were 
e x p e r i m e n t a l l y  d e r i v e d  th rough  s u b j e c t i v e  eva lua-  
t i o n  of sample images processed by computer s imu la-  
t i o n  o f  t h e  encod ing  a l g o r i t h m .  
The f i n a l  ma jo r  aspec t  o f  t h e  encod ing  a lgo -  
r i t h m  i s  t h e  m u l t i l e v e l  Huffman cod ing  p rocess .  
Huffman c o d i n g  of  t h e  q u a n t i z e d  d a t a  a l l o w s  s h o r t e r  
codewords t o  be ass igned  t o  q u a n t i z e d  p i x e l s  h a v i n g  
t h e  h i g h e s t  p r o b a b i l i t y  o f  occu r rence .  A separa te  
s e t  of  Huffman codes has been genera ted  for each o f  
t h e  13 q u a n t i z a t i o n  l e v e l s .  The m a t r i x  o f  code 
s e t s  i s  used t o  reduce t h e  number o f  d a t a  b i t s  
r e q u i r e d  t o  t r a n s m i t  a g i v e n  p i x e l .  The p a r t i c u l a r  
Huffman code s e t  used fo r  a g i v e n  quan t i zed  p i x e l  
i s  de termined by  t h e  q u a n t i z a t i o n  l e v e l  o f  t h e  p re -  
v i o u s  p i x e l  ( i . e . .  i f  t h e  d i f f e r e n c e  va lue  f o r  t h e  
p r e v i o u s  p i x e l  r e s u l t e d  i n  q u a n t i z a t i o n  l e v e l  4 
b e i n g  s e l e c t e d  fo r  t h a t  p i x e l ,  then t h e  Huffman 
code s e t  s e l e c t e d  f o r  t h e  c u r r e n t  p i x e l  would be 
code s e t  4, co r respond ing  t o  t h e  p r o b a b i l i t y  o f  
occu r rence  o f  p i x e l s  f a l l l n g  i n t o  t h e  f o u r t h  quan- 
t i z a t i o n  l e v e l ) .  
A s  w i t h  t h e  NAP, t h e  Huffman code t r e e s  were 
genera ted  by c o m p i l i n g  s t a t i s t i c a l  d a t a  f r o m  numer- 
ous images c o v e r i n g  a b road range o f  p i c t u r e  con- 
t e n t .  
for each o f  t h e  13 q u a n t i z a t i o n  l e v e l s  as a func-  
t i o n  o f  t h e  q u a n t i z a t i o n  l e v e l  o f  the  p r e v i o u s  
p i x e l .  A separa te  Huffman code s e t  was then  gener-  
a t e d  based on t h e  p r o b a b i l  i t y  d a t a  o f  " c u r r e n t "  
p i x e l s  f a l l i n g  i n t o  each o f  t h e  13 q u a n t i z a t i o n  
l e v e l s  o f  t h e  " p r e v i o u s "  p i x e l s .  There i s  a tend- 
ency fo r  n e i g h b o r i n g  p i x e l s  t o  f a l l  i n t o  t h e  same 
or c l o s e  t o  t h e  same q u a n t i z a t i o n  l e v e l .  By recog- 
n i z i n g  and t a k i n g  advantage o f  t h i s  f a c t ,  t h e  use 
of t h e  m u l t i l e v e l  Huffman code s e t s  p r o v i d e s  s ig -  
n i f i c a n t  r e d u c t i o n s  i n  b i t s  p e r  p i x e l  o v e r  a 
s i n g l e  Huffman code t r e e  because t h e y  a l l o w  n e a r l y  
a l l  p i x e l s  to  be r e p r e s e n t e d  by  s h o r t  l e n g t h  
codewords. 
P r o b a b i l i t y  o f  occu r rence  d a t a  was compi led  
I V .  Hardware Imp lemen ta t i on  
The c o n f i g u r a t i o n  o f  t h e  d a t a  compression 
hardware i s  shown i n  F i g .  1 .  The NTSC f o r m a t  v i d e o  
s i g n a l  i s  d i g i t i z e d  by sampl ing  w i t h  an ana log- to -  
d i g i t a l  (A/D) c o n v e r t e r  a t  a r a t e  o f  f o u r  t imes  the  
c o l o r  s u b c a r r i e r  f requency  ( a p p r o x i m a t e l y  14.32 MHz). 
The A I D  c o n v e r t e r  has an 8 - b i t  r e s o l u t i o n  a l l o w i n g  
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each sample, c a l l e d  a p i x e l ,  t o  be r e p r e s e n t  
one o f  256 d i g i t a l  l e v e l s .  The 8 - b i t  p i x e l s  
i n p u t  t o  the enccder a t  the  14.32 MHz r a t e .  
encoder Compresses the  v i d e o  da ta  and s e r i a l  
t r a n s m i t s  a comoressed r e p r e s e n t a t i o n  o f  t he  
ove r  a channel a t  a r a t e  o f  a p p r o x i m a t e l y  
2 5  Mbps :megab i ts /sec)  t o  the  decoder .  
The decoder r e c e i v e s  the  compressed se r  
d by 
a re  
The 
Y 
d a t a  
a1 
d a t a  ana r e c o n s t r u c t s  a f a c s i m i l e  o f  t h e  o r i g i n a l  
v i a e o  d a t a .  The r e c o n s t r u c t e d  & b i t  p i x e l s  a r e  
conver ted  back t o  an ana log  v i d e o  s i g n a l  u s i n g  a 
d i g i t a l - t o - a n a l o g  ( D / A )  c o n v e r t e r .  For t h i s  imp le-  
men ta t i on ,  t h e  e n t i r e  v i d e o  s i g n a l  i n c l u d i n g  t h e  
h o r i z o n t a l  and v e r t i c a l  s y n c h r o n i z a t i o n  p u l s e s ,  
t he  c o l o r  b u r s t ,  and t h e  a c t i v e  v i d e o  i s  sampled 
and compressed. In f u t u r e  imp lemen ta t i ons ,  a l l  
b u t  t he  a c t i v e  v i d e o  p a r t  o f  t h e  s i g n a l  w i l l  be 
removea by t h e  encoder and t h e  decoder w i l l  recon- 
s t r u c t  these p o r t i o n s  and r e i n s e r t  them i n t o  t h e  
s i g n a l ,  t he reby  i n c r e a s i n g  t h e  o v e r a l l  compression 
o f  t h e  p i c t u r e .  
For t h i s  b readboard  v e r s i o n  o f  t h e  compression 
hardware ,  TTL ( t r a n s i s t o r - t r a n s i s t o r  l o g i c )  was 
chosen as t h e  imp lemen ta t i on  techno logy  due to ease 
o f  usage and wide a v a i l a b i l i t y  o f  d e v i c e s .  The 
hardware des igns  were c o n s t r u c t e d  on  w i re -wrap 
boards  and mounted i n  a 5 - s l o t  19 - in .  c h a s s i s .  
En coder  
The encoder p o r t i o n  o f  t h e  compress ion  hard- 
ware d i g i t i z e s  t h e  ana log  v i d e o  s i g n a l  i n t o  8 - b i t  
p i x e l s ,  compresses t h e  image, and c o n v e r t s  t h e  
r e s u l t a n t  d a t a  t o  a s e r i a l  b i t  s t ream.  A d e t a i l e d  
d e s c r i p t i o n  o f  each o f  t h e  encoder b l o c k s  (shown 
i n  F i g .  1 )  f o l l o w s .  
i s  shown i n  F i g .  3 .  T h i s  DPCM c i r c u i t  averages 
p r e v i o u s  n e i g h b o r i n g  p i x e l  va lues  to  p r e d i c t  t h e  
c u r r e n t  p i x e l  va lue .  The p r e v i o u s  p i x e l s  o f  t h e  
same c o l o r  s u b c a r r i e r  phase as t h e  c u r r e n t  p i x e l  
a r e  o b t a i n e d  u s i n g  a 4 - p i x e l  d e l a y  and a 2 - l i n e  
d e l a y .  The 4 - p i x e l  d e l a y  i s  implemented u s i n g  f o u r  
8 - b i t  r e g i s t e r s  i n  a s h i f t  r e g i s t e r  . c o n f i g u r a t i o n .  
The 2 - l i n e  d e l a y  i s  implemented u s i n g  a random 
access memory (RAM) which  i s  addressed by a c o u n t e r  
t h a t  r e c y c l e s  eve ry  two l i n e s .  For t h e  f i r s t  two 
The d i f f e r e n t i a l  p u l s e  code m o d u l a t i o n  c i r c u i t  
l i n e s  o f  each f i e l d ,  t he  RAM i s  loaded w i t h  t h e  
r e c o n s t r u c t e d  va lues  o f  t he  o r i g i n a l  p i x e l s ,  w h i l e  
the  o u t p u t  r e g i s t e r  o f  t he  2 - l i n e  d e l a y  i s  zeroed.  
For eve ry  l i n e  t h e r e a f t e r ,  t h e  p i x e l  va lue  of two 
l i n e s  p r e v i o u s  i s  read  o u t  o f  t he  RAM and then  the  
new r e c o n s t r u c t e d  p i x e l  ( R P )  v a l u e  i s  w r i t t e n  i n t o  
the  same memory l o c a t i o n .  Then t h e  address coun te r  
i s  inc remented t o  t h e  n e x t  memory l o c a t i o n  f o r  t he  
n e x t  p i x e l  p r e d i c t i o n .  
d e l a y  a r e  added t o g e t h e r  u s i n g  two cascaded 4 - b i t  
f u l l  adders .  The d i v ide -by - two  f u n c t i o n  i s  pe r -  
formed by d ropp ing  t h e  a d d e r ' s  l e a s t  s i g n i f i c a n t  
o u t p u t  b i t  and u s i n g  t h e  c a r r y - o u t  s i g n a l  as t h e  
most s i g n i f i c a n t  b i t .  T h i s  i s  t h e  same as a " s h i f t  
r i g h t  w i t h  c a r r y "  o f  t h e  adder o u t p u t s .  D u r i n g  t h e  
f i rst two l i n e s  o f  each f i e l d ,  t h e  DPCM p r e d i c t i o n  
c i r c u i t  uses o n l y  t h e  4 t h  p r e v i o u s  p i x e l  on  t h e  
c u r r e n t  l i n e  t o  p r e d i c t  t h e  c u r r e n t  p i x e l  v a l u e .  
I n  t h i s  case, t he  2 - l i n e  d e l a y  i n p u t  to t h e  adder 
i s  zeroed and t h e  d i v ide -by - two  c i r c u i t  i s  
by-passed u s i n g  a m u l t i p l e x e r .  
t i v e  p r e d i c t i o n  (NAP) va lue  a r e  s u b t r a c t e d  (sub- 
t r a c t i o n s  a r e  per fo rmed as two's complement 
a d d i t i o n s )  from t h e  o r i g i n a l  p i x e l  va lue  r e s u l t i n g  
i n  a d i f f e r e n c e  va lue  ( D I F  = P I X  - PV - N A P ) .  
These d i f f e r e n c e  va lues  a r e  then  grouped i n t o  quan- 
t i z a t i o n  l e v e l s  (QL) ,  c r e a t e d  from a look-up  t a b l e  
Implemented I n  programmable read -on ly  memory (PROM) 
u s i n g  t h e  d i f f e r e n c e  (DIF)  va lue  as t h e  address .  
The q u a n t i z a t i o n  l e v e l s  a r e  de layed  by one p i x e l -  
t i m e  and used t o  address  ano the r  PROM l ook-up  t a b l e  
t o  c r e a t e  t h e  nonadap t i ve  p r e d i c t i o n  ( N A P ) .  The 
nonadap t i ve  p r e d i c t o r  e s t i m a t e s  t h e  c u r r e n t  DPCM 
d i f f e r e n c e  v a l u e  ( P I X  - P V )  f r o m  t h e  d i f f e r e n c e  
v a l u e  o f  t h e  immed ia te l y  p r e v i o u s  p i x e l .  
The q u a n t i z a t i o n  v a l u e  CQV) ,  an e s t i m a t i o n  of  
t h e  DIF ,  i s  c r e a t e d  from ano the r  PROM l ook-up  
t a b l e .  I n  t h i s  case, t h e  q u a n t i z a t i o n  l e v e l  i s  
used t o  address  t h e  memory l o c a t i o n s  wh ich  c o n t a i n  
t h e  q u a n t i z a t i o n  v a l u e s .  I 
The two-d imens iona l  Huffman codes a r e  c r e a t e d  
by y e t  ano the r  PROM l ook-up  t a b l e .  
q u a n t i z a t i o n  l e v e l  (QL) and t h e  immed ia te l y  p r e v i -  
ous q u a n t i z a t i o n  l e v e l  (QLn- l )  address a PROM which  
c o n t a i n s ,  a t  each l o c a t i o n ,  a 1 t o  1 2 - b i t  Huffman 
The o u t p u t s  o f  t h e  2 - l i n e  d e l a y  and the  4 - p i x e l  
The DPCM p r e d i c t e d  v a l u e  ( P V )  and t h e  nonadap- 
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Figure 3. - Differential pulse code modulation circuit. 
4 
code and a 4 - b i t  code wh ich  s p e c i f y  the  l e n g t h  o f  
t h e  Huffman code. 
The o u t p u t s  o f  t he  Huffman encoder a r e  m u l t i -  
p lexed  w i t h  the  f i r s t  f o u r  p i x e l s  o f  eve ry  l i n e  so 
t h a t  t he  DPCM c i r c u i t  has a v a l i d  s t a r t i n g  p o i n t .  
The o u t p u t  o f  t h i s  m u l t i p l e x e r  i s  i n p u t  i n t o  a bank 
o f  f i r s t - i n ,  f i r s t - o u t  (FIFO) memories. F o r t y  FIFO 
i n t e g r a t e d  c i r c u i t s  a r e  c o n f i g u r e d  w i t h  expanded 
w i d t h  and dep th  t o  ach ieve  a Sank o f  F I F O  memory 
18 b i t s  wide and 72  K deep. The F I F O s  a r e  neces- 
sa ry  t o  compensate for  t h e  v a r i a b l e  l e n g t h s  o f  t he  
Huffman codes and t h e  d i f f e r e n c e s  between t h e  FIFO 
i n p u t  f requency  and t h e  FIFO o u t p u t  f requency .  On 
the  i n p u t - s i d e  o f  t h e  FIFO's, t he  d a t a  i s  w r i t t e n  
p e r i o d i c a l l y  a t  t he  p i x e l  r a t e  o f  14.32 MHz. On 
t h e  o u t p u t  s i d e  o f  t h e  FIFO's, d a t a  i s  read  o u t  a t  
a v a r i a b l e  r a t e  depend ing  on t h e  l e n g t h  of the  
Huffman codes and t h e  f requency  of t h e  s e r i a l  da ta .  
S i x t e e n  of  t h e  FIFO's b i t s  a r e  d a t a  ( e i t h e r  
a c t u a l  p i x e l  va lues  fo r  t h e  f i rst  f o u r  p i x e l s  o f  
each l i n e  or Huffman codes) and l e n g t h  o f  da ta .  
The o t h e r  two b i t s  a r e  used t o  pass l i n e  and f i e l d  
f l a g s ,  i n d i c a t i n g  t h e  s t a r t  o f  each l i n e  and each 
f i e l d .  The l i n e  and f i e l d  f l a g s  a r e  used for  
i n s e r t i o n  o f  un ique words i n t o  t h e  d a t a .  
f i e  d and l i n e  t i m i n g  a t  t h e  decoder.  Due t h e  va r -  
i a b  e l e n g t h  n a t u r e  o f  t h e  Huffman codes, channel  
b i t  e r r o r s  can o f t e n  r e s u l t  i n  improper d e t e c t i o n  
o f  he codes by t h e  decoder .  Unique words a l l o w  
t h e  l i n e  and f i e l d  t i m i n g  t o  g e t  back on t r a c k  i n  
t h e  even t  o f  b i t  errors, t o  m in im ize  t h e  impact  t o  
t h e  q u a l i t y  o f  t h e  r e c o n s t r u c t e d  v i d e o  images. 
D i f f e r e n t  un ique word va lues  a r e  used f o r  l i n e s  
and f i e l d s  so t h e y  can be d e t e c t e d  s e p a r a t e l y .  I n  
b o t h  cases, un ique words were chosen t o  a v o i d  dup- 
l i c a t i o n  by  v a l i d  Huffman codes. 
un ique words a r e  c u r r e n t l y  used; however, t h e  hard- 
ware was f l e x i b l y  des igned  so t h a t  t h e  un ique word 
c o n t e n t  and l e n g t h  can be changed I f  necessary .  
a r e  mon i to red  t o  a l l o w  i n s e r t i o n  o f  t h e  un ique  
words a t  t h e  p roper  p o s i t i o n  w i t h i n  t h e  d a t a .  When 
a l i n e  or f i e l d  f l a g  i s  d e t e c t e d ,  FIFO reads  a r e  
s topped to  a l l o w  t i m e  fo r  t h e  un ique words t o  be 
m u l t i p l e x e d  w i t h i n  t h e  d a t a  (see F i g .  4 ) .  L i k e  t h e  
Huffman codes, t h e  un ique  words must c o n t a i n  a 
4 - b i t  code i n d i c a t i n g  t h e  l e n g t h  o f  t h e  un ique  
words. The un ique  words a r e  d i v i d e d  i n t o  two 8 - b i t  
s e c t i o n s  each accompanied by  a l e n g t h  code. 
i n s e r t i o n  o f  t h e  un ique  word, t h e  FIFO reads  a r e  
r e a c t i v a t e d .  
a l l e l  format t o  a s e r i a l  f o r m a t  for  t r a n s m i s s i o n  
o v e r  a channe l .  Because l e n g t h s  o f  t h e  Huffman 
codes v a r y ,  a v a r i a b l e  l e n g t h  p a r a l l e l - t o - s e r i a l  
c o n v e r t e r  must be used. The p a r a l l e l - t o - s e r i a l  
c o n v e r t e r  (shown i n  F i g .  4 )  c o n s i s t s  o f  a 1 2 - b i t  
p a r a l l e l  l o a d  s h i f t  r e g i s t e r  and a c o u n t e r .  The 
Huffman codes a r e  loaded i n t o  t h e  s h i f t  r e g i s t e r  
and the  4 - b i t  l e n g t h  o f  t h e  Huffman code i s  loaded 
i n t o  the  coun te r .  The c o u n t e r  counts  down as t h e  
s h i f t  r e g i s t e r  s h i f t s  out t h e  d a t a  i n t o  a s e r i a l  
b i t  stream. When t h e  c o u n t e r  reaches  z e r o  t h e  
Unique words a r e  necessary  t o  m a i n t a i n  p roper  
S i x t e e n - b i t  
The l i n e  and f i e l d  f l a g s  a t  t h e  FIFO o u t p u t s  
A f t e r  
Nex t ,  t h e  d a t a  must be conver ted  from t h e  par -  
s h i f t s  s t o p  and a new code i s  read  f r o m  t h e  F I F O  
memory. Then t h e  s h i f t  r e g i s t e r  and coun te r  a r e  
loaded w i t h  new va lues  and t h e  s h i f t i n g  process  
reDea ts .  
Decoder 
The decoder c i r c u i t  r e c e i v e s  t h e  s e r i a l  d a t a  
t h a t  t h e  encoder t r a n s m i t t e d  and r e c o n s t r u c t s  a 
r e p r e s e n t a t i o n  o f  t he  o r i g i n a l  8 - b i t  p i x e l s ,  and 
u s i n g  a d l g i t a l - t o - a n a l o g  (DIA) c o n v e r t e r ,  c r e a t e s  
an ana log  v i d e o  s i g n a l .  A d e t a i l e d  d e s c r i p t i o n  of  
each o f  t h e  decoder b l o c k s  ( F i g .  1 )  f o l l o w s .  
l e l  c i r c u i t s :  l i n e  un ique word d e t e c t ,  f i e l d  
un ique word d e t e c t ,  and Huffman decoder .  The 
un ique word d e t e c t  c i r c u i t s  a l l o w  d e t e c t i o n  o f  
un ique words w i t h  b i t  e r r o r s  by  s e l e c t i o n  o f  an 
e r r o r  t h r e s h o l d  o f  up  to  3 - b i t  e r r o r s .  A b l o c k  
d iagram o f  t he  un ique word d e t e c t  c i r c u i t  i s  con- 
t a i n e d  i n  F i g .  5 .  The s e r i a l  d a t a  i s  f irst s h i f t e d  
i n t o  a 1 6 - b i t  s h i f t  r e g i s t e r .  The 1 6 - b i t  p a r a l l e l  
o u t p u t  o f  t h e  s h i f t  r e g i s t e r  i s  e x c l u s i v e - o r ' d  
(XOR) w i t h  the  c o r r e c t  un ique  word v a l u e  s e t  i n  d i p  
sw i t ches .  Nex t ,  t h e  number o f  ones c o n t a i n e d  i n  
t h e  XOR o u t p u t s  a r e  summed u s i n g  adders .  A c i r c u i t  
a t  t h e  o u t p u t  o f  t h e  adders  a l l o w s  s e l e c t i o n  of t h e  
e r r o r  t h r e s h o l d  and c r e a t e s  a p u l s e  i f  a un ique  
word w i t h i n  t h a t  e r r o r  t h r e s h o l d  i s  d e t e c t e d .  The 
un ique word d e t e c t  p u l s e  i s  ANDed w i t h  a un ique  
word window s i g n a l  wh ich  d i s a l l o w s  un ique  word 
d e t e c t s  u n t i l  c l o s e  t o  t h e  expec ted  l o c a t i o n  of 
v a l i d  un ique  words. The windowing techn ique  lowers  
t h e  p robab i  1 i t y  o f  f a l s e  d e t e c t s .  
The Huffman decoder r e c e i v e s  t h e  d a t a  i n  a 
s e r i a l  f o r m a t  from t h e  o u t p u t  o f  a 1 6 - b i t  s h i f t  
r e g i s t e r  t h a t  p a r a l l e l s  t h e  un ique  word d e t e c t  c i r -  
c u i t s .  When un ique words a r e  d e t e c t e d ,  t h e  Huffman 
decoder i s  d i s a b l e d  w h i l e  t h e  un ique  word i s  purged 
from t h e  s h i f t  r e g i s t e r  t o  a v o i d  Huffman decod ing  
o f  un ique  words. 
as a t r e e  search  i n  memory. The address  t o  t h e  
Huffman decoder PROM i s  i n i t i a l l y  s e t  to  z e r o  ( t o p  
node o f  t h e  Huffman code t r e e ) .  The c o n t e n t  of 
each memory l o c a t i o n  c o n s i s t s  o f  t h e  n e x t  two pos- 
s i b l e  addresses t o  t h e  memory d e n o t i n g  t h e  n e x t  
two t r e e  branches.  A s  each s e r i a l  b i t  i s  r e c e i v e d ,  
i t  i s  used by  a m u l t i p l e x e r  to  s e l e c t  t he  n e x t  mem- 
o r y  address .  A s e r i a l  "one" s e l e c t s  one address  
(b ranch )  and a s e r i a l  " z e r o "  s e l e c t s  t h e  o t h e r  
address  (b ranch ) .  The new address  (new t r e e  node) 
a l s o  c o n t a i n s  t h e  n e x t  two p o s s i b l e  t r e e  branches 
based upon t h e  n e x t  r e c e i v e d  s e r i a l  b i t .  The t r e e  
search  c o n t i n u e s  i n  t h i s  manner u n t i l  t h e  l e a s t  
s i g n i f i c a n t  o u t p u t  b i t  o f  t h e  memory i s  h i g h ,  i n d i -  
c a t i n g  t h e  end o f  a v a l i d  Huffman code. A t  t h i s  
p o i n t ,  t h e  o t h e r  memory o u t p u t  b i t s  c o n t a i n  t h e  
c o r r e c t  q u a n t i z a t i o n  va lue  (QV) and q u a n t i z a t i o n  
l e v e l  (QL) for  t h e  r e c e i v e d  Huffman code. The 
PROM address i s  then r e s e t  t o  z e r o  ( t h e  t o p  node 
o f  t h e  t r e e )  and t h e  decod ing  p rocess  c o n t i n u e s .  
As t h e  Huffman codes a r e  d e t e c t e d ,  t h e  r e s u l t -  
a n t  q u a n t i z a t i o n  l e v e l s  and va lues  a r e  w r i t t e n  i n t o  
FIFO's. These FIFO's, l i k e  i n  t h e  encoder ,  a r e  
The i n p u t  t o  t h e  decoder c o n t a i n s  t h r e e  p a r a l -  
The Huffman decoder ( F i g .  6) i s  implemented 
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Figure 6. - Huffman decoder circuit. 
r e q u i r e d  t o  absorb t h e  d i f f e r e n c e s  i n  t h e  v a r i a b l e  
l e n g t h  Huffman codes and t h e  p i x e l  r a t e  a t  t h e  o u t -  
p u t  o f  t h e  decoder c i r c u i t .  I n  c o n j u n c t i o n  w i t h  
t h e  un ique word d e t e c t s  and t h e  l i n e  and f i e l d  
coun te rs ,  t he  F I F O  w r i t e s  and reads  a r e  c o n t r o l l e d  
t o  compensate f o r  s y n c h r o n i z a t i o n  prob lems c r e a t e d  
by improper Huffman decod ing  due t o  b i t  e r r o r s .  
The F I F O  o u t p u t s ,  q u a n t i z a t i o n  l e v e l s  and 
q u a n t i z a t i o n  va lues ,  a r e  used t o  r e c o n s t r u c t  t h e  
o r i g i n a l  v i d e o  image. The q u a n t i z a t i o n  l e v e l  i s  
de layed by  one p i x e l - t i m e  and used by a PROM 
look-up  t a b l e  t o  c r e a t e  t h e  nonadap t i ve  p r e d i c t i o n  
( N A P ) .  The q u a n t i z a t i o n  va lue  CQV) i s  added to the  
nonadap t i ve  p r e d i c t i o n  (NAP) v a l u e  and the  OPCM 
p r e d i c t i o n  va lue  ( P V )  t o  c r e a t e  t h e  r e c o n s t r u c t e d  
p i x e l  va lues  ( R P ) .  The decoder DPCM c i r c u i t  imp le-  
m e n t a t i o n  i s  i d e n t i c a l  t o  the  encoder DPCM c i r c u i t .  
The RP va lues  a re  i n p u t  to a D / A  c o n v e r t e r  wh ich  
c o n v e r t s  t h e  r e c o n s t r u c t  p i x e l  va lues  t o  an ana log  
v i d e o  s i g n a l .  
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TABLE 11. - ENCODING 
ALGORITHM PERFORMANCE 
RESULTS 
Scene 
Beach 
Make up 
Lawyer 
S t a r  Trek 
Bees and f l o w e r s  
Game/g i r l  
Woman/couch 
H o s p i t a l  
Woman /man 
Woman/gray s u i  t 
Two men 
Manlphone 
F u l l e r  b rush  
P 1 ane / b i p 1 ane 
Womanlhand 
News woman 
C o l o r  ba rs  
Two women 
Average 
B i  t s /  
p i x e l  
2.228 
1.738 
1.976 
1.682 
1.996 
1.689 
1.813 
1.979 
1.802 
1.872 
1.949 
1.815 
2.031 
1.711 
1.671 
1.823 
1.347 
1.659 
1.822 
Figure 7. - Results 01 mmputer sirnulalion processing of NTSC video inages (bpp -bits per pixel). 
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V .  Performance R e s u l t s  
Table I1  prov ides  r e s u l t s  o f  computer s imu la-  
t i o n  o f  the  encoding a l g o r i t h m  d e s c r i b e d  i n  t h i s  
paper .  The p i c t u r e  c o n t e n t  ac ross  the  images i s  
r e p r e s e n t a t i v e  o f  the  broad range o f  m a t e r i a l  wh ich  
makes up t y p i c a l  t e l e v i s i o n  v i e w i n g .  The r e s u l t s  
show the  v a r i a b i l i t y  o f  compression w i t h  ComDlexi ty 
o f  o i c t u r e  con ten t .  S tandard  c o l o r  ba rs ,  c o n t a i n -  
i n g  cons ide rab le  redundancy, can be processed ve ry  
e f f i c i e n t l y  a t  1.347 b i t s l p i x e l .  The Beach scene, 
one o f  the  SMPTE c o l o r  r e f e r e n c e  s u b j e c t i v e  t e s t i n g  
s l i d e s ,  r e q u i r e s  2.228 b i t s / p i x e l ;  an i n d i c a t i o n  
o f  t h e  complex n a t u r e  o f  t h e  scene. 
images f a l l  somewhere between these bounds, w i t h  
an average across  a l l  scenes o f  1.822 b i t s l p i x e l .  
F i g u r e  7 shows o r i g i n a l  and r e c o n s t r u c t e d  images. 
The r e c o n s t r u c t e d  image q u a l i t y  i n  a l l  cases 
i s  e x c e l l e n t  - r e c o n s t r u c t e d  images a r e  i n d l s t l n -  
g u i s h a b l e  from t h e  8 b i t s / p i x e l  d i g i t i z e d  o r i g i -  
n a l s .  A two channel  v i d e o  frame s t o r a g e  u n i t  was 
used i n  t h e  comparison o f  o r i g i n a l  ve rsus  p roc -  
essed images. Th is  p r o v i d e d  a means f o r  v e r y  c r i t -  
f h e  o t h e r  
i c a l  compara t ive  t e s t i n g ,  s i n c e  s ide -by -s ide  as 
w e l l  as sw i t ched  comparisons were p o s s i b l e .  I n t e r -  
f rame mot ion  i s  not degraded by t h e  p r o c e s s i n g  
s i n c e  the  a l g o r i t h m  i s  an i n t r a f i e l d  cod ing  p roc -  
ess .  Mo t ion  sequences o f  " r e a l - t i m e "  v i d e o  were 
processed on a frame-by-frame b a s i s  and p ieced  
t o g e t h e r  u s i n g  a t y p e  "C"  1 - i n .  b roadcas t  v i d e o  
tape r e c o r d e r  w i t h  an ima t ion  e d i t i n g  c a p a b i l i t i e s .  
No mot ion  a r t i f a c t s  were p r e s e n t  i n  t h e  r e c o n s t r u c -  
t e d  sequence as expec ted .  
p r e s s i o n  a l g o r i t h m  i s  r e l a t i v e l y  s t r a i g h t  f o r w a r d  
and can be e a s i l y  implemented i n  V L S I  f o r  per fo rm-  
ance improvement, s i z e  r e d u c t i o n  and c o s t  e f f e c -  
t i v e n e s s .  Combining t h e  d a t a  compression hardware 
w i t h  a bandwid th  e f f i c i e n t  modu la t i on  techn ique  
such as 8-PSK ( p r a c t i c a l  bandwid th  e f f i c i e n c y  o f  
g r e a t e r  t han  2 b i t s / s e c / H z  i n  a power l i m i t e d  sys- 
tem) w i l l  enab le  two o r  more b roadcas t  q u a l i t y  
t e l e v i s i o n  s i g n a l s  t o  be t r a n s m i t t e d  th rough  a s i n -  
g l e  C-band t ransponder ,  c r e a t i n g  a s u b s t a n t i a l  
bandwid th  improvement o v e r  ana log  t e l e v i s i o n  
t r a n s m i s s i o n s .  
The hardware des ign  o f  t h i s  v i d e o  d a t a  com- 
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